We describe a novel design for an intense source of slow positrons based on pair production with a beam of electrons from a 10 MeV accelerator hitting a thin target at a low incidence angle. The positrons are collected with a set of coils adapted to the large production angle. The collection system is designed to inject the positrons in a Greaves-Surko trap [1] . Such a source could be the basis for a series of experiments in fundamental and applied research and would also be a prototype source for industrial applications which concern the field of defect characterization in the nanometer scale.
Introduction
Phenomena involving positrons are important in many fields of physics, including astrophysics, plasma physics, atomic physics and materials science. In the laboratory, low energy positrons are now being used for many of these applications, including study of electron-positron plasma phenomena [2] , atomic and molecular physics [3] , antihydrogen formation [4] , modeling of astrophysical processes [5] , and the characterization of materials [6] . The limitations in these studies are often due to the relative inavailability of suitable positron sources.
Methods to accumulate, cool and manipulate positron plasmas have been developed [1] and used in a recent experiment that created low energy antihy-drogen atoms at CERN [4] . Long confinement times (days), increased plasma densities and brightness enhancement are achieved with the rotating electric field technique [7] at temperatures of order 1 meV (≈ 10 K).
The apparatus presented in this article is designed to produce fluxes of slow positrons of order 10 10 per second and be stored and/or cooled in a trap. In contrast, radioisotope sources currently in use produce fluxes ≤ 2 10 7 s −1 . Its size is also much smaller than that of a large linac or of a nuclear reactor but could be used as a small facility for interdisciplinary experimental studies with positrons.
Such a source would allow the production of positronium (Ps), hydrogen and antihydrogen in a symmetric way in the same experimental conditions through the set of reactions: e + + e − + e ± → P s + e ± , followed by P s + p → H + e + or its antimatter counterpart P s + p → H + e − and the production of ions via H + P s → H − + e + or H + P s → H
A novel method to produce a 3D image of molecules with a resolution of feẘ Angströms has been proposed [9] .
Since several years the possibility to create a Bose-Einstein Condensate (BEC) of positronium and to make a 511 KeV gamma ray laser is being studied [10] [11].
These techniques relie or would benefit a lot on the availability of a very intense source of positrons. Moreover a high production rate of slow positrons (exceeding 10 10 s −1 ) and of positronium is being looked for in industrial and research applications, for instance, "Positron Annihilation Spectroscopy" (PAS) [12] .
The most commonly used source of positrons is 22 Na. Such compact sources are well suited for laboratory research, but their maximum activity lies around 4 10 9 Bq with a mean lifetime of 2.6 years. There are also some accelerators (100 MeV) partly used for the production of slow positrons which are managed as a facility and a nuclear research reactor in Munich [13] .
We propose an alternative intense (> 10 12 s −1 ) source of slow (MeV) positrons based on e + e − pair creation through the interaction of a 10 MeV electron beam on a target with an intensity of a few mA. This source was designed to be coupled with a Greaves-Surko trap [14] in order to produce a bright beam of slow positrons (meV to KeV). It may also be used to produce positronium by applying the beam onto a cristal [15] .
The pair production cross section increases with energy. However the development of such a setup for university or industrial applications limits the beam energy to 10 MeV because a higher energy would start to activate the environment (legal limit). A dedicated facility would have a size comparable to that of a radioactive source but requires a special building for shielding. 
Production of positrons
The positrons are produced by the interaction of a flat electron beam with a 50 microns target foil. The angle between the beam plane and the foil is very small, approximatively 3 degrees. The positron kinetic energy spectrum is peaked at 1.2 MeV and extends to 8 MeV.
The first step in the positron capture by the trap is the moderation process. This process involves the slowing down of the positrons, the creation of meta-stable states with collective charge oscillations in the moderator and its re-emission at ≈ 1.5 eV. The moderation efficiency decreases with the incident positron kinetic energy and is negligible at a few MeV. Therefore a magnetic collector was designed to separate the positrons from the electrons while preserving the positrons with a kinetic energy below 1 MeV.
Target
The positron rate is limited by the heating of the target. The target material is tungsten because of its high fusion point (3695K).
An experimental test was performed with an electron gun used to weld metal pieces. The gun delivered a beam with a diameter around 5mm, i.e. a surface of around 20 mm 2 ( fig 2) . The 99.99% purity tungsten target we tested had a thickness of 50 µm [16] , dimensions of 5 cm x 5 cm and was held with a piece of tungsten surrounding it on three of its sides. The accelerating voltage of the gun was fixed at 40 kV, the intensity was gradually increased until perforation at 20 mA. A 15 mA current does not perforate the target. At 40 kV electrons deposit all their energy in the metal. The target sustains thus a deposit greater than 2 kW/cm 2 . However a 1 kW/cm 2 limit is set on the deposited power as a safety margin.
Even if the temperature is kept well below the fusion point, there will be metal evaporation. Using tables from Langmuir and Jones [17] , on the evaporation rate of tungsten filaments for light bulbs under the Joule effect, the target would lose 10% of its mass in one hour at 3100 K, and 24 hours at 2700 K. A simple way of operation would then consist in exchanging the tungsten foil every night. Running at 2700 K means a lower electron intensity and thus a reduction in the e + rate of a factor 1.7.
Energy deposit in the target
Simulations were performed with the GEANT 3.21 [19] fortran library. Electrons of 10 MeV/c momentum were generated at an incidence angle of 3 or 90 degrees w.r.t the target plane. For the 3 degree incidence angle, the transverse shape of the beam is a rectangle of 1 mm x 20 mm thus illuminating a square area of 20 mm x 20 mm on the target.
We have computed the energy deposited in targets of various thicknesses with a current of 1 mA (figure 3). For 50 µm at 3 degrees or 1mm at 90 degrees, which have the same equivalent thickness 1 , the deposited energy is respectively 1750 W and 4500 W. This difference is due to the fact that electrons have more possibilities to escape the target when the incidence angle is small. The total path length of an electron and its secondary electrons inside the target is on average 5 times longer at 90 degrees than at 3 degrees for the same equivalent thickness.
The deposited energy increases with equivalent thickness but saturates earlier with very low incidence angle. This allows to deliver a higher intensity for the same illuminated surface. Figure 3 shows the electron current intensity which corresponds to a deposited energy of 1 kW as a function of the equivalent thickness.
Production rate
The positron rate is given in figure 4 . It is of the order of 10 13 e + s −1 for 1mA electron current and equivalent thicknesses between 1 and 2 mm. These results agree with an independant similar study [20] . The rate of positrons produced with less than 1 MeV of kinetic energy shown in figure 4 is about 1/5 of the total rate.
The limit on the deposited power at 1 kW/cm 2 , determines the maximum current intensity per cm 2 of target (see figure 3) . The corresponding positron rates are shown in figure 5.
Let us take the example of a 1 cm 2 target of 50 micron thickness at an incidence of 3 degrees or 0.96 mm equivalent thickness. The deposited power for a 1 mA electron current is 1.75 kW (resp. 4.5 kW) at 3 degrees (resp. 90 degrees). The maximum acceptable current for the limit of 1 kW/cm 2 , as well as the corresponding positron rate for the maximum current are given in table 1. Figure 5 shows that these values stay valid within a factor two for equivalent thicknesses varying from 500 µm to 5 mm.
The above quoted production rates were normalized to a target surface of 1 In the case of the low incidence angle, it is possible to increase the beam intensity while keeping a reasonable transverse extension of the beam, a key parameter to keep a good efficiency for the collection setup described below. In order to illuminate a target of size 1 cm x 1 cm at 3 degrees, the beam is a slit of 1 cm x 0.5 mm.
We will see in the next section on the collection of positrons that it is possible to recover a large fraction of the low momentum positrons with a target size of 2 cm x 2 cm, the beam is then a slit of 2 cm x 1 mm. The beam current needed to illuminate such a target while keeping the constraint of 1 kW/cm Moving a long strip of 50 µm thick tungsten in the target plane is a preferred solution to increase the beam current above 2.3 mA. Figure 6 shows the energy distribution of positrons downstream of the target and their angular distribution. The main feature is that the average exit angle with respect to the beam is large, of the order of 50 degrees and even larger for the lowest positron energies.
Collection
It is thus necessary to develop a positron collector in order to transport them efficiently at the trap entrance. In order to take advantage of this wide angle of production, a system of coils producing diverging magnetic field lines at the location of the target is used. The magnetic lines are collected by a large diameter coil to form a magnetic bulb.
Description of the setup
The x axis is the axis of the apparatus. The target is a thin rectangular tungsten plate of dimensions 2 cm x 2 cm x 50 µm. There are two possible ways to place the beam:
• setup 1: the beam axis coincides with the x axis, in which case the target plane makes a 3 degree angle with the x axis, • setup 2: the beam axis x ′ makes an angle of 3 degrees with axis x, and the target plane contains the x axis.
The beam has the shape of a rectangular slit of 2 cm x 1 mm.
In the second configuration, a large part of the beam which traverses the target without much deflection separates from the x axis. 00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00   11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11   00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00  00   11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11  11 The collection system consists of two main coils of axis x (figure 7). The first coil, H 1 , has a mean radius of 10 cm, a width along x of 5cm and a 5 Tesla The beam goes through H 1 and hits the target. The particles exiting the target go then through H 2 and then through the recovery tube.
A small quadrupole of 10 cm internal radius is placed 11 cm downstream of the target. Its four coils have each a 3 cm radius and 2kA.turns, or a 250 Gauss field at their center. Two of its coils are vertical and the other two are horizontal. It pulls the positrons nearer to the x axis.
The field on the x axis at the center of the target is of 0.46 Tesla. The radial component at a radius of 1 cm from this axis is 0.28 Tesla.
A dump made of tungsten of 1.6 cm diameter and 5 cm length is placed on the x axis at 51 cm downstream of the target.
In order to illuminate the target with a simple slit shaped electron beam, it is enough for setup 1 to include a tilt angle of the target with respect to the vertical in order to correct for the deviation from coil H 1 . For setup 2 a beam optics has been designed using octupoles following a method developed by F. Meot [21] .
Collection efficiency
Let us define the collection efficiency ǫ 5 (resp.ǫ 2 ) as the fraction of positrons of a given energy range reaching a plane perpendicular to the x axis and located inside the recovery tube at a distance of 2 m from the target, so 1.1 m after H 2 , and whose intersection point with this plane is inside a circle of radius 5 cm (resp. 2 cm).
This efficiency depends on the transverse spread, with respect to the x axis, of the positron "beam spot". Figure 9 shows the efficiency variation with the radius of a hypothetical positron source located at the target position. For this calculation, we have generated a uniform spatial distribution of the emitted positrons inside a disk perpendicular to the x axis. The angular and energy spectrum corresponding to that of positrons exiting the tungsten target was kept. The efficiency decreases dramatically when the radius of this disk is increased.
On the same figure is also shown the efficiency obtained with a rectangular slit of 2 cm x 1 mm, the x axis being contained in the target plane, with or without correcting quadrupole. The same efficiency would be obtained with a disk shape if it had a radius of about 0.4 cm, which could only be obtained with a reduction of the surface of target illuminated by a factor of 0.13 with respect to the 4 cm 2 plate, and thus a reduction of about an order of magnitude in the rates.
Values for ǫ and the final rates of positrons at 2 m from the target are given in table 3. 
Flux of electrons and photons
The power coming from this device in the space downstream of the coils affects the design of the room shielding, and the coupling to the trap which has a first stage at very low temperature. to illuminate the totality of the target surface. At target exit, 7.8 kW are collected. The power deposited in the target is 1.8 kW. The missing 400 W are back scattered.
The power reaching a plane located at 2.5 m from the target is given in detail in table 4 for an electron current of 2.3 mA. 
Summary
A system of production and collection of MeV positrons has been presented. This setup uses pair creation from electrons hitting a thin tungsten target at a 3 degree incidence angle. The beam comes from a 10 MeV/2.3 mA electron accelerator running in continuous mode. The setup allows to collect more than 5 10 11 s −1 positrons of less than 600 keV in a 2 cm radius aperture at 2 m from the target. The flux of electrons and photons reaching this aperture is of the order of 50 W.
The system is designed to adapt to a Greaves-Surko trap.
The source itself is made of two sections: -the 10 MeV accelerator with a dump -the target and collector system
The best electron source for this application is a Rhodotron, which is commercialized by the IBA [18] firm. This compact machine (about 3 m in diameter) is operated continuously all year long and can reach beam intensities up to 100 mA for food disinfection. Several models are available according to the desired beam intensity. A 10 MeV/2mA model would use 250 kW of power.
